Abstract Eye formation in vertebrates is controlled by a conserved pattern of molecular networks. Homeobox transcription factors are crucially involved in the establishment and maintenance of the retina. A previous study of Massé et al. (Nature, 449: 1058(Nature, 449: -62, 2007 using morpholino knockdown identified the ectonucleotidase NTPDase2 and the P2Y 1 receptor as essential elements for eye formation in embryos of the clawed frog Xenopus laevis. In order to investigate whether a similarly essential mechanism would be active in mammalian eye development, we analyzed mice KO for Entpd2 or P2ry1 as well as double KO for Entpd2/P2ry1. These mice developed normal eyes. In order to identify potential deficits in the molecular identity or in the arrangement of the cellular elements of the retina, we performed an immunohistological analysis using a variety of retinal markers. The analysis of single and double KO mice demonstrated that NTPDase2 and P2Y 1 receptors are not required for murine eye formation, as previously shown for eye development in Xenopus laevis.
Introduction
Signaling via extracellular nucleotides is involved in the control of neurogenesis both in vitro and in vivo [1] . ATP, ADP, or UTP stimulates proliferation or migration of embryonic or adult neural progenitor cells in vitro via the metabotropic nucleotide receptors P2Y 1 and P2Y 2 [2] [3] [4] [5] [6] . Neural precursors in acute rat and mouse embryonic brain slices release ATP via hemichannels. ATP released from neural precursor cells induces receptor-mediated Ca 2+ fluctuations in ventricular zone precursors of the developing brain and facilitates progenitor cell proliferation and migration within the developing cortex [7] [8] [9] . P2Y 1 receptor-mediated increase in progenitor cell proliferation has been shown in situ for both murine adult neurogenic niches, the subventricular zone (SVZ) of the lateral ventricles [10, 11] ), and the hippocampus [12] . The availability of extracellular nucleotides is controlled by ectonucleotidases, nucleotide-hydrolyzing enzymes bound to the cell surface. The ectonucleotidase nucleoside triphosphate diphosphohydrolase 2 (NTPDase2) is highly expressed in the neurogenic niches of the adult mouse brain. By dephosphorylating nucleoside triphosphates, it generates nucleoside diphosphates and eventually the respective nucleoside monophosphates, thus controlling their effect on nearby nucleotide receptors. We recently showed that mice null for Entpd2 reveal increased progenitor cell proliferation in the SVZ and the hippocampal dentate gyrus, suggesting that-by scavenging mitogenic extracellular nucleoside triphosphates-NTPDase2 acts as a homeostatic regulator of nucleotide-mediated neural progenitor cell proliferation and expansion [13] .
In a previous study, single knockdown of NTPDase2 or of the P2Y 1 receptor with specific antisense morpholino oligonucleotides impaired eye formation in tadpoles of the clawed frog Xenopus laevis. Simultaneous knockdown essentially abolished eye formation, suggesting that these two molecular components of the purinergic signaling pathway are essential for eye development [14] . Whether a similar mechanism also applies to the mammalian eye is unknown. Since the Xenopus NTPDase2 [15] and P2Y 1 receptors [16] correspond to their mammalian counterparts, we analyzed the retinas of mice, in which the genes encoding NTPDase2 and P2Y 1 were deleted. Our results suggest that eye formation is normal in Entpd2 single, P2ry1 single, or Entpd2/P2ry1 double KO mice.
Materials and methods

Animals
All animal experiments were approved by the local government and conducted under veterinary supervision in accordance with European regulations. Experiments were performed using mice aged 8-12 weeks. Animals were kept under 12 h light and dark cycle with food and water ad libitum. Entpd2 KO mice [13] and the corresponding wild types (litters) were bred in house. The resultant mutant mice were screened by PCR and homozygous Entpd2 mice were created, in which the gene deletion was validated by PCR and immunohistochemistry. Entpd2/P2ry1 double KO mice were generated by the combination of the homozygous deletion of the Entpd2 allele and the P2ry1 allele [17] within one mouse line.
Characterization of genotypes by PCR Gene deletion was confirmed by a two-step genotyping procedure using oligonucleotides given in Table 1 (Fig. 1) . Genomic DNA was obtained from tail biopsies of 3-4 weeks old pups. One tail biopsy per animal was digested with lysis buffer (1.7 μM sodium dodecyl sulfate, 100 μg/ml proteinase K and 1× gitschier buffer, 16.6 mM ammonium sulfate, 67 mM Tris/HCl, 6.7 mM MgCl 2 , 5 mM β-mercapto ethanol, and 6.7 μM EDTA) at 55°C over night. Lysates were heatinactivated for 30 min at 95°C. PCR was performed applying oligonucleotides discriminating between P2ry1 mutated and P2ry1 WT alleles. PCRs resulted in fragment sizes of 660 and 290 bp for P2ry1 mutated and WT loci, respectively (Fig. 1a ) [17, 18] . For detection of the Entpd2 genotype, PCR was performed using primers selectively identifying the Entpd2 WT allele (fragment size 309 bp) as well as primers, which amplify the neomycin selection cassette (fragment size 263 bp) (Fig. 1a) [13] . Since the neomycin selection cassette is also contained in the P2ry1-mutated allele, tail biopsies of animals with the genotype P2ry1−/− Entpd2+/? (?=unknown genotype of second allele) were further analyzed for the presence of the Entpd2 KO allele (Fig. 1b) . Genomic DNA from second tail biopsies was purified using the DNeasy Blood and Tissue Kit (Qiagen), and PCR was performed using a long template polymerase (Expand Long Template PCR System, Roche) including one primer (Entpd2 KO, Table 1 ) hybridizing within the neomycin selection cassette and one primer annealing in the downstream Entpd2 WT sequence. This only results in the expected 3904 bp fragment if the Entpd2 KO allele is present [13] .
Immunohistochemistry
For analysis of retinas, mice were deeply anesthetized with isoflurane and decapitated. The eyes were enucleated, the anterior segments were removed, and the posterior eyecups were immersion fixed for 15-30 min in 4 % paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. After fixation, retinas were dissected from the eye cup, cryoprotected in graded sucrose solutions (10, 20 , and 30 %), and sectioned vertically at 14 μm on a cryostat. Sections were collected on Super-Frost glass slides and stored at −20°C until use.
Immunolabeling was carried out using the indirect fluorescence method. Retinal sections were blocked for 1 h in a solution containing 10 % normal donkey serum (NDS) and 0.5 % Triton-X-100 in PB. Primary antibodies were diluted in 3 % NDS and 0.5 % Triton-X-100 in PB applied overnight at room temperature. These included rabbit anti-calbindin (1:2000; Swant), mouse anti-CtBP2 (1:5000; BD Transduction), rabbit anti-PKCα (1:10,000; Sigma-Aldrich), goat anticholine acetyltransferase (1:200, Millipore), goat anti-glycine transporter 1 (1:1000; Millipore), mouse anti-glutamine synthetase (1:500, BD Transduction), and mouse antisynaptotagmin 2 (1:1000; ZIRC, Eugene). After overnight incubation and washing in PB, secondary antibodies conjugated to Alexa 488 (Invitrogen) or Cy3 (Dianova) were applied for 1 h. Confocal images were taken using a Zeiss LSM 5 Pa confocal microscope, equipped with an argon and a HeNe laser. Optical sections were acquired with a 40×/1.3 Plan-Neofluar objective, and projections of stacks of 3-6 μm were used for figures. Brightness and contrast of the final images were adjusted using Adobe Photoshop. The imaging conditions (laser intensity, pinhole diameter, and detector gain) and digital processing were identical for all images within a series/experiment.
Results
In order to investigate whether NTPDase2 and the P2Y 1 receptor are essential for the development of the mammalian eye, we analyzed the eyes of single knockouts for NTPDase2 and P2Y 1 . Both Entpd2 and P2ry1 KO mice developed apparently normal eyes. We therefore generated in addition Entpd2/P2ry1 double KO mice. These mice also developed normal eyes. We could not exclude, however, that there might be deficits in the molecular identity or the arrangement of the cellular elements of the retinas. We therefore performed a detailed immunohistological analysis using a variety of retinal markers. These included protein kinase C alpha (PKCα; marker for rod bipolar cells [19] ), C-terminal binding protein 2 (CtBP2; marker for synaptic ribbons in photoreceptor and bipolar cell terminals [20] ), calbindin (marker for horizontal cells in the outer retina, amacrine, displaced amacrine, and ganglion cells in the inner retina [19] ), choline acetyltransferase (marker for starburst amacrine cells [19] ), glycine transporter 1 (marker for glycinergic amacrine cells [19] ), glutamine synthetase (marker for Müller glia cells [19] ), and synaptotagmin 2 (marker for bipolar cell terminals [21] ). All knockout animals, single or double, revealed the normal retinal structure and cellular distribution. This is depicted in Fig. 2 for calbindin and in Fig. 3 for CtBP2 and PKCα. Figure 4 further shows the retinal distribution of synaptotagmin 2, glycine transporter 1, choline acetyltransferase, and glutamine synthase in wild type and Entpd2/P2ry1 double KO mice. Accordingly, KO mice reveal a normal retinal pattern of horizontal cells in the outer retina, amacrine, displaced amacrine, and ganglion cells in the inner retina, photoreceptor and bipolar cell terminals, rod bipolar cells, glycinergic amacrine cells, starbust amacrine cells, and Müller glia cells. These data suggest that deletion of Entpd2, P2ry1, or both does not prevent formation of structurally normal eyes in mice.
Discussion
The observation that in the frog Xenopus laevis eye development depends on nucleotide signaling involving NTPDase2 and P2Y 1 receptors [14] raised the question whether this would also apply to other vertebrates, including mammals. Notably, in this study, the signaling pathways involving the P2Y 1 receptor and NTPDase2 were found to lie upstream of eye field transcription factors such as Pax6, Rx1, and Six3, and thus apparently control the development of the entire organ. NTPDase2 knockdown greatly reduced Pax6 expression. Purine-mediated signaling would thus trigger both eye field transcription factors and eye development. This is of considerable interest since in vertebrates key factors involved in early eye field specification and retinal-specific transcription factors are highly conserved [22, 23] . Nucleotide signaling involving the ectonucleotidase NTPDase2 and the P2Y 1 receptor might therefore represent an additional essential pathway involved in early eye development.
In adult mammals, purinergic signaling is involved in the modulation of the physiological and patho-physiological responses of ocular tissue, involving both P2X and P2Y receptors [24] . P2Y 1 receptors are the principal receptors on Müller glial cells [25] , but they are also expressed by cholinergic amacrine cells [26] . It has previously been shown that ATP stimulates proliferation of neural retinal progenitor cells in the embryonic chicken retina [27, 28] . ATP also controls the cell cycle and induces proliferation in retinal explants of newborn mice, presumably via the P2Y 1 receptor [29] . NTPDase2 is mainly associated with Müller glial cells [30, 31] .
Our finding that eye formation and retinal functional topography was not affected in Entpd2 KO, P2ry1 KO, or Entpd2/P2ry1 double KO mice does not exclude a contribution of P2Y 1 and NTPDase2 to early murine eye induction or development in wild-type animals. But it suggests that these molecular components are not essential. Analysis of mature eyes cannot exclude the compensatory up-regulation of other purine receptors or ectonucleotidases at early stages of eye development. However, deletion of Entpd2 does not induce up-regulation of any other ectonucleotidase in mouse brain [13] . Furthermore, visual external inspection of the eyes of mice deficient of the P2Y 2 or the P2Y 13 receptor revealed no apparent abnormalities suggesting that these animals have developed normal eyes (Gampe and Zimmermann, unpublished observations) and for none of the other ectonucleotidases or P2 receptor KO animals' aberrant eye development has been reported. In summary, our data reveal that NTPDase2 and the P2Y 1 receptors are not required for murine eye formation, as previously shown for eye development in Xenopus laevis [14] .
